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A Fourier transform ion cyclotron resonan@el-ICR) mass spectrometer has been installed at a free
electron lasel(FEL) facility to obtain infrared absorption spectra of gas phase ions by infrared
multiple photon dissociatiodlRMPD). The FEL provides continuously tunable infrared radiation
over a broad range of the infrared spectrum, and the FT-ICR mass spectrometer, utilizing a 4.7 Tesla
superconducting magnet, permits facile formation, isolation, trapping, and high-mass resolution
detection of a wide range of ion classes. A description of the instrumentation and experimental
parameters for these experiments is presented along with preliminary IRMPD spectra of the
singly-charged chromium-bound dimer of diethyl et€r(C4H,¢0);) and the fluorene molecular

ion (C14H7y). Also presented is a brief comparison of the fluorene cation spectrum obtained by the
FT-ICR-FEL with an earlier spectrum recorded using a quadrupole ion (€dp). © 2005
American Institute of Physic$DOI: 10.1063/1.1841953

I. INTRODUCTION densities may thereby be reduced such that direct laser ab-
sorption techniques become quite difficult, if not impossible,

The low densities typically obtained in production of to apply.
gas-phase molecular ions make the measurement of their in-  One solution is to isolate the ions in a cryogenic inert
frared spectra challenging. Such spectra are useful in a wid@atrix and subsequently record the infrared spectrum with,
variety of scientific fields ranging from astrophysics, wheree.g., a Fourier transform infrarg@TIR) spectrometer. The
the spectral characterization of ionic polyaromatics is refons can be generateid situ in the matrix by ultraviolet
quired to verify their hypothesized occurrence in the inter-(UV) photoionization of the corresponding neutrais® or
stellar mediunt, to biochemistry, where the structure of by mass-selective deposition of the ions into the maftiX.
protonated species is of key interés fundamental chem- Although matrix isolation spectroscopy has provided a vast
istry problems such as the study of reaction intermedfatesamount of infrared data on ioni@nd otherwise unstable
differentiation of isomeric ions in mass spectrometry, andsystems, drawbacks include the inability to distinguish ab-
the study of metal cation binding to organic molectfes, sorption features of the ionic species from those of their neu-
which is key to understanding many catalytic and biochemi+ral precursors and incomplete knowledge of the effect of the
cal reactions. matrix on the infrared spectruffi.

Small molecular ions can often be generated with rela- The application of sophisticated “action spectroscopy”
tively high densities in discharge and electron impact sourceschemes, as opposed to direct absorption experiments, has
so that they can be studied directly by laser absorption spegireatly expanded the field of gas phase infrared spectroscopy
troscopy, with sensitive detection methods employing, forof mass-selected ions over the past deddddost of these
instance, lock-in techniques. Direct absorption has been apnethods combine laser-based infrared dissociation spectros-
plied to ions in cells;” fast ion beam&? and supersonic copy with mass spectrometric detection. Early studies in-
expansions’*?Large molecular ions usually suffer from se- clude the work on hydrogen and hydronium cluster ions by
vere fragmentation in these sources so that other ionizatiobee and co-worker® 2 Since then, attaching a weakly-
sources and/or mass selectivity are required. However, iohound “messenger” atorfor small moleculg to the ion of
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interest and detecting photodissociation of the complex as anmigh pulse energy. Particularly in the infrared, for which
indication of infrared absorption has become popular belarge segments of the spectral range are not accessible to
cause relatively low-power laser sources will suffice for suchconventional lasers, the FEL is a unique source. However,
experiments. In particular, noble gas atoms have been usdmcause of their high cost and special instrumentation infra-
as messengers since they are often detached following singted FELs around the world are typically operated as national/
photon absorption and, moreover, their weak interaction withinternational user facilitie® Historically, research with
the chromophore typically results in a spectrum which isthese lasers has mainly focused on condensed matter and
virtually identical to that of the bare idff.2® However, the optical physics, but more recently various applications in the
weak binding energy of these van der Waals complexes ustield of gas-phase molecular physics and spectroscopy have
ally restricts their study to low temperature techniques, suclieveloped:* The FEL for Infrared eXperiment&ELIX) at
as molecular beam sources or cooled ion traps. Morghe FOM-Institute for Plasma Physics Rijnhuizéas a
strongly bound ions, such as coordination complexes anbligh micropulse repetition rat@ip to 1 GH3 and a macro-
molecular ions, typically require absorption of multiple pho- pulse length on the order of a fews, which corresponds
tons before the dissociation threshold can be reathéll. roughly to the residence time of a room-temperature gas-
Nonetheless, mass-resolved photofragmentation spectroghase molecule in a typical mm-sized laser focus. This par-
copy can still be applied to such systems by the mechanisificular feature renders FELIX very suitable for gas-phase
of infrared multiphoton dissociatiolRMPD) if sufficiently ~ studies of neutral molecules.
intense laser sources are available. IRMPD spectroscopy of molecular ions has been imple-
IRMPD is a noncoherent multiple photon absorptionmented mostly with tandem mass spectrometers and ion
process that relies on rapid redistribution of the absorbedaps:’ These devices allow for mass-selective isolation of
photon energy into a dense ensemble of backgromog  the parent ion and subsequent mass resolved detection of
vibrational state€>3* This relaxation mechanism, com- Product ions generated by IRMPD. In the 1980s and early
monly referred to as intramolecular vibrational redistribution1990s, IRMPD of stored ions by use of line tunable £O
(IVR), is facilitated by coupling of molecular eigenstates inlasers was reported mainly by Beauchamp and co-
. . . . . . . 48-50 ,52
combination with high vibrational state densitéghus, the Wworkers®*and by Eyler and co-workefs:*? In 2000, the
absorbing “bright” state is de-excited so that it can reabsorf§irst FEL-based ion IRMPD study, employing a simple ra-
an infrared photon. In the frequency domain, the rapid dediofrequency quadrupole ion trap,was reported. Various
excitation, i.e., short lifetime of the bright state leads to alohic polycyclic aromatic hydrocarbofPAH) systems have
broadening of the absorption band. Once the typical linebeen investigated with that apparatfis?*>**motivated by
width becomes of the order of the average spacing of vibratheir likely occurrence in the interstellar medium.
tional background levels, the molecule finds itself in the Based on these successful applications of an FEL to
“quasi-continuum.” Further photon absorption is enhanced adRMPD spectroscopy of molecular ions, more sophisticated
it becomes less wavelength dependent. Thus, the moleculBass spectrometers have been installed at FEL facilities,
can acquire high internal energy, eventually leading to dissoM0St notably tandem mass spectrométefsand Fourier
ciation. Note that molecules at high internal energies genert-ra”SforgPGz'O” cyclotron resonanceT-ICR) mass spectro-
ally exhibit anharmonicity in their vibrational potentials, meterss. lon trapping in combined magnetic and electric
leading to(red" shifts and broadening of infrared absorption fi€lds coupled with FT-ICR mass analysis leads to unparal-
bands. Therefore, although some caution is required in thi$!€d mass resolving power and mass accuracy, and a multi-

analysis of IRMPD spectra, these spectral signatures ma%lde of ion formation, rrggnipullation and isollation techniques
also be used to obtain an estimate of the anharmoniBave been developéd:*>A wide range of ions whose IR

parameteré‘? spectra are of interest can be formed by direct ionization or

Since the 1970s, there has been considerable interest Y ion-molecule reactions in the FT-ICR mass spectrometer,
IRMPD spectroscopy to induce isotopically selective dis-2Nd then cleanly isolated so that there is only one species
sociation3,4'37'38which could enable isotope enrichment. In giving rise to _the observed phot_od|sso<:|at|on spectrum.
order to overcome the typical dissociation thresholds of sev- e describe here the coupling of a FT-ICR mass spec-
eral eV, the absorption of mariiens to hundreds pfnfrared t_rometer built a_t University of Florld_a to the infrared beam-
photons is necessary, requiring a powerful laser source, sudif€ ©f FELIX in the Netherlands, in order to expand the
as a gas discharge laser. The J&ser has mainly been used '2N9€ of ionic sy;tems for WhI.Ch spectra can be obtained.
for this purpose, having as a main drawback its limited and' N€ instrumentation and experimental protocols, as well as
discrete wavelength tunability. Two-laser methods, in whichinitia! studies of two ionic systems, are reported.

a tunable low-power laser is used to excite into the quasicon-

Flnuum and supseqqer_ﬂly a high-power pl@;er is used to Il EXPERIMENTAL APPARATUS
induce photodissociation, have been applied to overcome

this limitation?>3%~** However, with the advent of infrared lon trapping and mass analysis are carried out with a
free electron lasergFELS), it is now possible to apply laboratory-constructed FT-ICR mass spectromekeg. 1),
IRMPD as a true wideband spectroscopic metffod. featuring a 4.7 T actively shielded superconducting magnet

Unbound electrons form an ideal lasing medium, allow-(Cryomagnetics, Inc., Oak Ridge, JNvith a 128 mm i.d.
ing FELs to be tuned continuously over a wide wavelengthhorizontal bore. lon formation, irradiation, and detection, as
range*** Their spectral properties are often combined withwell as pulse sequencing, are controlled by a modular ICR
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FIG. 1. Schematic representation of

471 the FEL-FT-ICR-MS instrumentation
LWF ASSM 6-WC used to obtain IRMPD spectra of
cvl gaseous ions. ASSM-actively shielded

LV SLC superconducting magnet; SIP-solids
N. FB ;. insertion probe; 6-WC-six-way cross;
z ﬁll e GV1, GV2, GV3-gate valves; SSLC-
LO PT sip solids sample loading chamber; TP1,
Gv2 TP2-turbopumps;  LV-leak  valve;
] T T GBC-gas ballast chamber; EFBT-
evacuated FELIX beam tube;
N,PB-nitrogen purge box; LO-laser

o optics; MP-mechanical pumps; LWF-
laser window flange; PT-Penning trap.
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data acquisition syster(i\/IIDAS)66 developed at the Na- The FEL used for these experimeiELIX) has been
tional High Magnetic Field LaboratoryNHMFL). As  the core of a user facility since its first operation in the early
initially configured, the instrument was provided with an 1990s. A detailed description has been published else-
electron ionization(El) source positioned inside the mag- where*® Briefly, the wavelength is continuously tunable be-
netic field in the vicinity of the FT-ICR analyzer cell, and a tween 5 and 25@:m, (2000—40 cri') and the bandwidth
solids insertion probe to facilitate internal laser desorptiorcan be varied between 0.4% and 7% of the central wave-
and matrix assisted laser desorption ionizati®®ALDI)  |ength. To cover this wavelength range, FELIX utilizes two
experiments. lasers, FEL-1 and FEL-2, working at different electron beam
The vacuum system includes a six-way crog&h 8 in.  energies. The electrons are produced by an electror(igun
0.d. vacuum flanggsand three manual gate valvéisurt J.  jecton and are accelerated by two radiofrequency linear ac-
Lesker Co., Clairton, PA Two of these gate valve€3V1  celerators (rf. Linacy to energies of 15-25MeV and
and GV2 in Fig. 1, with 4.5 gnd 2.751n. o..d. vacuum p5_ 45 MeV to cover the ranges of 25— 26 (FEL-1) and
flanges are attached to the solid sample loading chambeg_3q ,,m (FEL-2), respectively. The wavelength range of
(SSLC in Fig. 3 to permit venting and subsequent pUMP Eg| 5 can be extended to 2m by using mirrors with a
down during sample loading while maintaining a high gie|ectric coating to allow lasing on the third harmonic. The
vacuum in the main region. The third gate val@Vs3) per- 1+ of FELIX consists of 5—1@s duration macropulses

\Ta::SUlIJSrgligzrr]nt?;rthl—?igﬁacgcmrrzogzgﬁré\% dpgymﬁsgooT aﬂ:Srwith a total energy of up to 100 mJ, at a repetition rate up to
s 10 Hz. Each macropulse consists of a train of micropulses of
bopump(500 L/s, Pfeiffer Vacuum Co., Nashua, NEnd a z Pu ! ! cropu

. . . adjustable length0.3-5 p$ separated by 1 ns. The line-
second turbopum70 L/s), which provides backing of the width of the laser is Fourier-limited according to the micro-

first pump and roughing of the solid sample loading cham- ulse duration. The average power in the macropulses is of

ber. The background pressure achieved by these pumps after . . .
all modifications made to the vacuum systéeedthroughs jg cl\)/lr\(j\(/arraor:gleo kW and peak power in the micropulses is in

and windows is in the low 10%° Torr range after several This | is h di q d vault in th
days of baking at-120 °C. To provide maximum flexibility IS laser 1S housed In a secure underground vau tin the
t}plasement of the FOM Institute building. The main laser

for laser alignment and vacuum system maintenance, bo

the vacuum system and the magnet are mounted on two culeam is distributed into different user stations by means of
tomized aluminum frame carté-Line, Inc., Charlotte, NG an array of windows and mirrors in a vacuum evacuated tube

which slide on ball bearing-shaft rail assembli@omson (EFBT in Fig. . To interface the FELIX laser light exiting
Inc., Port Washington, NY this tube with the FT-ICR mass spectrometer a nitrogen
Gas phase species, either from gaseous samples or siWrge box containing the necessary beam steering and focus-
ficiently volatile liquid or solid samples, are introduced via INg optics was constructe@, PB and LO in Fig. ]. This
either of two precision leak valve®/arian Inc., Lexington, ~Purge box and optics facilitate the alignment of both FELIX
MA—LV in Fig. 1), which are provided with pulsed valves and a second laser used for laser desorption or multiphoton
and gas ballast chambers to ensure a stable background pré@nization (MPI) experiments, while keeping a dry atmo-
sure during sample introduction. Solid samples of low vaposphere, thus preventing possible absorption of infrared radia-
pressure are introduced on the solids insertion p(&e in  tion by water vapor in air.
Fig. 1). The pressure is monitored by Convectorr gauges The FELIX laser beam(5—-10 mm beam diameteis
(Varian Inc) on the inlet system and two inverted magnetronintroduced into the vacuum chamber of the mass spectrom-
gauges(Varian Inc) in the main vacuum region and the eter via a ZnSe window sealed to the laser window flange
sample loading chamber. (Fig. 2). This laser beam is aligned to pass underneath the
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FIG. 2. Expanded view of the laser optics system and the Penning trap in 800 1000 1200
the vacuum chamber. FELIX beam; ZnSe W-ZnSe window for introduction wavenumber (cm-1)

of FELIX beam; LWF-laser window flange; CM1, CM2-copper mirrors;

PT-Penning trap; CgiW—Cak, window for introduction of UV and visible g1, 3. [RMPD spectrum of CtC,H,40),. The inset shows mass spectra
lasers; UV-VIS LB-UV or visible laser beam; ASSM-actively shielded Su- tgken with the FEL off and on the resonance near 1010-c@bserved

perconducting magnet. dissociation channels at/z=126 andm/z=52 correspond to detachment of
one and two ether ligands, respectively. Zooming in onntiie=126 chan-
nel reveals the pattern due to the naturally occurring Cr isotopes, showing
ICR cell and is then redirected with a 1 m radius of curvaturethe level of detail typically obtainable with FT-ICR mass spectrometry.

polished copper mirrofCM 1 in Fig. 2 to produce fragmen-

tation of ions trapped in the center of the a@&knning trajp ] ) ] )

A second polished copper mirr6EM 2 in Fig. 2 with a  the oscilloscope is zero-filled to 131 (,1?2”) points,

0.5 m radius of curvature reflects the laser back througgPodized using a Hanning window function and then sub-
the ICR cell, thereby doubling the fluence and ensurind®ctéd to FFT and magnitude calculation. .
that a larger fraction of ions is subjected to laser irradiation. ~ FOr chromium ion experiments, a 1 in. diam chromium
An additional window(CaF,) located in the center of the SPutter targetGoodfellow, 99.98% was mounted on the
laser introduction flange allows a second lag#v-VIS LB) s_o_llds insertion probe and slid into the vacuum can to a po-
to pass along the symmetry axis of the open cylindricals't'on ~50 cm away from the FT-ICR cell. The fundamental

cell for laser desorption or multiphoton ionizatigvPl) ~ Output (1064 nm,~6 ns laser pulse widjhof a Nd:YAG
experiments. laser (Eksma NL301G, Vilnius, Lithuania with the pulse

energy set to about 10 mJ, was used as an ablation source.
The laser beam was mildly focusedsing a lens off
=1000 mm and coupled into the vacuum can through the
center window(CaF,) on the laser introduction flang&V-

The operation of this FEL-FTICR instrumental set-up VIS LB shown in Fig. 3. The trap electrode closest to the
has been demonstrated by obtaining the IRMPD spectra ghetal target was kept at 0 V during the ablation laser pulse
proton-bound dimers, organometallic compounds, and thand was then switched to its static value typically 3 ms later,
fluorene molecular ion. Several of these studies have beedhereby “catching” the Crions. A delay of 3 s was allowed
published elsewher®;®? here we present application of for chromium ion—-molecule reactions with the ether vapor in
the apparatus to record IRMPD infrared spectra for thehe cell(at 3x 108-1x 1077 Torr), forming predominantly
singly-charged chromium-bound dimer of diethyl etherthe Crf(ethey, complex (Cr"+CyH;;0— Cr(C,H,40)",
(Cr(C4H100)3) and for the fluorene molecular idi€i3H]).  Cr(C4H100)*+C4H10O— Cr(C4H100);).  This species at

All experiments are controlled using a version of them/z=200 was subsequently isolated by a stored wave-
Modular ICR Data Acquisition SytetMIDAS) softwaré®®”  form inverse Fourier TransforSWIFT) wavefornf®® to
which can be externally triggered. The MIDAS system iseject unwanted ions, most notably the*@mnd Ci (ethej
triggered by a pulse synchronized with the FELIX macro-ions, which serve as the signal channels in the IRMPD
pulse train; a shutter blocks FELIX pulses until the desiredexperiment.
irradiation period in the FT-ICR experimental event se-  Figure 3 shows the IRMPD spectrum of "GC,H;0),
quence. Typical duty cycles range from 3 to 5 s dependingn the 750—1250 cit range, where ethers are known to
on ion—molecule reaction times and the number of FELIXpossess strong absorption bands. Evidence for the pro-
macropulses used for irradiation. Four transient response sigesses  GC,H;,0);+nhv— Cr(C,H,,0)*+C,H,;,O and
nals (100 K data points per wavelength are typically ac- —Cr"+C,H;,O is seen. The inset shows mass spectra of the
quired and signal averaged while FELIX is scanned by in4solated parent species at/z=200 with FELIX off reso-
crements of 2—4 cit in the 500-1800 cnt range. All  nance, and with FELIX on the strong resonance near
experimental transients are digitized and averaged with 4010 cm!. Mass scale expansion clearly reveals the frag-
digital oscilloscopé&Yokogawa DL4200, Tokyo, Japaprior ~ ments resulting from the loss of a single and both ether
to storage in a computer by use of LabVIEW softwéka-  ligands and even peaks due to the minor Cr isotopes. The IR
tional Instruments, Austin, TX After the experiment, the action spectrum is obtained by dividing the total fragment
averaged time-domain transients for each wavelength angeld (in mass channels 126 and)48y the total ion signal as
Fourier transformed. Typically, each 100 K transient fromthe wavelength of FELIX is scanned.

IIl. EXPERIMENTAL DESIGN AND RESULTS
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FIG. 4. FT-ICR experimental event sequence used to obtain IRMPD spectre
of the fluorene cation.
2000 -
The IRMPD spectrum of the fluorene molecular ion
(Cy3H7,) was obtained by loading a solid fluorene sample
into the solids insertion probe and introducing it into the high .
vacuum region for analysis. The vapor pressure of the 0155 - s 110 175

sample at room temperature was sufficient to maintain a
pressure in the vacuum chamber of 8.00°8 Torr. Positive mz
ions were generated by electron ionization with a 70 @Vg g 5. F1.icR mass spectra of fluore@,gH?, m/z=166 when FELIX
electron beam of 50—300 ms duration, producing minimalvas tuned on resonan¢®p) and off resonancébottom with an allowed
fragmentation and an adequate signal for analysis. After ainfrared mode.
ionization event, the ions were trapped radially by the mag-
netic field imposed by the superconducting magnet and axi-
ally by applying positive potentials in the range of The capabilities of the apparatus used in those experiments
1.25-3.0 V to both trapping electrodes. The parent ioralso did not permit ejection of background fragmeihdss of
(Cy3H70,m/z=166) was isolated by a SWIFT waveform, to 2H and 3H without affecting the signal of the parent ion
eject unwanted fragment ions formed during the ionization(C;3H;,). Those limitations reduced the signal-to-noise ratio
event. Trapped ions were next irradiated with 5—-20 FELIXfor species, such as fluorene, that exhibit H-loss as the main
macropulses, separated by 200 ms, over a time period dfagmentation pathway. The present FT-ICR mass spec-
1-4 s. The average macropulse energy was 70 mJ. Followrometer has a mass resolving powen/Amsy, up to
ing the irradiation period, an excitation pulge-10 V, 50 000, in whichAmsg,, is peak full width at half-maximum
~1 GHz/s sweep rajetypically covering the frequency peak height, clearly sufficient to resolve fragment peaks of
range from 200 kHz to 4.4 MHz excited both parent andl Da difference.
fragment ions to larger cyclotron radii, and after a delay of = The IRMPD spectrum is generated by obtaining a series
2 ms the ions were detected by digitizing and processingf mass spectra collected as a function of laser wavelength
100 K time-domain data pointss discussed above for chro- and then plotting fragmentation yield versus wavelength.
mium experiments The pulse sequence employed for theseFigure 6 shows IRMPD spectra of the fluorene cation ob-
experiments is depicted in Fig. 4. tained with FELIX coupled to either a QIT or the FT-ICR
Figure 5 shows a photodissociation mass specfioipn  mass spectrometer described in this report. Comparison of
tained by following the process@Hi,+nhv—CiHg+H)  spectra obtained with the two different mass spectrometers
of the fluorene cation. When FELIX is tuned to 1550¢m yields general agreement in peak positions but with definite
resonance with an allowed infrared mode occurs and photddifferences. Both spectra reveal a strong band in the vicinity
dissociation(loss of one H atomis observed. The off- of 1500 cm?, typical of cationic PAH species, due to cou-
resonance mass spectrum, at 1500%ns essentially the pling of C—C stretching modes, and several other weaker
same as that obtained without FELIX radiation. For fluoreneabsorption lines at lower energi€&6, 977, and 1149 cmh).
as well as numerous other PAHs, the main fragmentatiofsee Ref. 55 for a more detailed explanation of the spectrum.
channel is loss of one or two hydrogen atoffisyhich (see One obvious difference between these two spectra is the
Fig. 5) is observed with baseline resolution with the presenpresence of the broad p&aknear 1060 cmt in the QIT
mass spectrometer. The IRMPD spectrum of the fluorene caspectrum, which is clearly missing in the FT-ICR spectrum.
ion in a QIT has been obtained at FELIX in the p?:?slt-low- As mentioned above, as a result of the poor mass resolution
ever, the mass resolution in those experiments was limited tof the QIT it was difficult to obtain the spectrum of the
m/Am=50, thus providing insufficient baseline resolution to isolated fluorene ion. Therefore the spectrum shown in Fig.
distinguish two peaks 1 Da apart in th€z 100—200 range. 6(a) was reported as an assumed observation of a combina-
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duction, the resulting higher internal energies of the ions
cause the spectral lines to broaden. In contrast, lower internal
energies are required to observe dissociation when using the
FT-ICR mass spectrometer, since the lowest ené2gy eV
binding energy’* H-loss channel can be resolved. One other
factor potentially contributing to the narrower lines in the
FT-ICR experiment is considerably longer trapping between
ion formation and FELIX irradiation, allowing more com-
plete radiative cooling of the ions.

The FT-ICR/FEL facility at FELIX will extend the field
of infrared spectroscopy to ions of many interesting molecu-
lar systems. Implementation of a guide for externally pro-
duced ions is currently underway, which will allow study of
biologically relevant species produced from MALDI and
electrospray ionizatioESI) sources, which are also cur-
rently under construction. The ability to differentiate iso-
meric ions based on their vibrational spectra will greatly ex-

I : ' | ' : ' pand the capabilities of mass spectrometry, both as a research
C.:Hy, tool and for solving more routine analytical problems. The
Fourier transform ion cyclotron resonance-free electron laser
| .

QT

facility described here is available for use by any scientist
whose experiments would benefit from obtaining IR spectra

/\ N N of ions of particular interest in their ongoing reseafth.
T T T [ T I T [ T
800 1000 1200 1400 1600
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